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FIFTH, SIXTH, AND SEVENTH GROUPS OF THE PERIODIC TABLE 

By Aubrey P. Altshuller 

The average bond energies Em(B-Z) for boron-containing  molecules 
have been calculated by the  P a n g  geometric-mean equation. These tal- 

D,(B-2) obtained f 'rom experimental  data. The higher  values of 
Da1?(B-Z) i n  comparison with B p ( S Z )  when Z is an element i n  the 
f i f th ,  sjxth, o r  seventh  periodic group may be attributed t o  resonance 
stabil ization or double-bod  character. 

- culated bond energies  are con@ared Kith the average bond energies 
- 

only recently have accurate thermochemical data on boron-containing 
molecules become avdlakle.  These data (refs. 1 t o  7)  permit the  calcu- 
la t ion of a mmiber of experimental  average bond energies f&(B-Z), 
usually from reactions of the type 

Bz3(g) * B(g)  + 3Z(g) 

In  this paper the  electronegativity'of boron and the boron-to-boron bond 
energy me calculated and used t o  campute the Bm(B-Z) bond energies 
from the Pauling electronegativity  equation. The calculated  values of 
Em(B-Z) m e  corqared with the  experimental  values, and the  differences 
between the values are  interpreted  in terms of  p & i d  double-bond char- 
acter and resonance i n  Bzg compounds. 

The average bond energies  are  calculated from the  equation  (ref. 8) 
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where dD(B-B)D(Z-Z) i s  the  geometric mean of the nonpolaz bond energies 
and % and xz are  the  electronegativit ies of atoms B and Z ( ref .  1 

9) .  The geometric-mean rather  than  the arithmetic-mean  equation (ref. 
8 )  is used because the geometric-mean equation  gives more sa t i s f ac tmy  
values of covalent bond energies when the atoms concerned a re  not alike. 
I n  any subsequent use of t h i s  equation  or the  expression D(Z-Z), Z w i l l  
be replaced by the proper atomic symbols. 

with  the new value of 141 kcal  per mole for   the   hea t  of sublimatlon of A 
boron, are used -Lo c d c u l a t e  a seexp(B-H) of 93 kcal  per mole and a 
Dem(B-C) o f  87 kcal per mole. 

The heats of formation  of BH3 and BR3 (R = (X3, C2Eg, etc.  ), along a 

- 

By use  of  equation (l), two simultaneous  equations can be solved for 
D(B-B) and the  electronegativity of boron xB. I n  one equation, 

equation E(B-C), D(C-C) (ref. lo), and % (ref. 11) are known. Solv- 
ing  these  equations  gives D(B-B) of about 80 kcal  per mole  and xB of 
2.0. U s i n g  different  data,  Pauling (ref. 8) previously  eetimated an 
electronegativity of 2.0 f o r  boron. 

%e (B-E), D(H-H) (ref. lo), and XH (ref. II) are known; in   the  other  

b 

Another method of obtaining D(B-B) uses  the  dissociation  reactions 
of BH3, B2R,  B5%, and - t o  B (g) and H ( g )  (ref. 12), along  with 
the  valence bond treatment  recently  proposed (ref. 13), to   ca lcu la te  a 
D(B-B) of about 85 k c d  per mole. 

To compute Z=(B-Z), vduee from reference 11 for t he  nonpolar 
bond energies and the  electronegakivfties are used, except for D(N-N), 
D(B-S), xN, %, and D(Ge-Ge). For D(N-N), the  bond dfssociation 
energy of 60 kc& per mole obtained f r o m  the hoiogeneous dissociation of  
NzE4 into NHz radicals  (ref. 9) is used. Recalculation of the  electro- 
negativity  differences for a-H, N-F, &nd 1p-C results i n  an xN of 3.05 
(fortuitously the same as xN i n  ref. 33). For D(S-S), a value of 61 
kcal  per mole i s  obtained from 

using the values D(H-SH) of 90 kcal per mole, D(H-S) of &4 kc& per mole, 
q ( S H ( g ) )  of  32 k c d  per mole, and Mf(S(g)) of 64 kcal per mole (ref .  

14). Recalculation of the  electronegativity  differences of 5-H, S-F, 
S-C1, and S-Br results in an % of 2.75. A D(Ge-Ge) of 46 kcal  per 
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The calculated bond energies f o r  bonds between boron and hydrogen 
and between boron and elements of the fourth, f if ' th,  sixth, and seventh 
groups of the periodic &able are l i s t ed   i n   t ab l e  I. Average  bond ener- 
gies  obtained from various thermochemical studies axe also l i s t e d  in 
table I along with the molecule from which the  thermochemical data were 
obtained . 

W 

The experimental  values of E(B-Z), when Z i s  a f i f th ,   s ixth,  o r  
seventh group  element i n  BZ3 ty-ge compnmds, are all higher than t he -  
calculated  values.  Since  the  calculated bond energies me for  single 
bonds, this result is not  surprising. when boron forms comgounds with 
elements  having  unshared electron p e s  and the boron has a six-electron 
valence she l l  (sp2 hylsridization of boron i n  BZg compoun&), the tendency 
is t o  fill up the valence she l l  by formation of structures of the  type 
ZZB- = &, often  with  several  resonance forms possible (refs. 8 and 16) .  
Therefore, B-Z bonds should have appreciable Chfble-bond character and 
resonance  stabilization, and should have higher bond energies than those 
calculated for single bonds. Tkazs, for  B-F, B-Cl, B-Br, and B- I  bonds, 
the  strengthening  (table I) amounts t o  about 17 kcal per mole per bond 
for  B-F, &out 10 kcal  per mole per bond f o r  B-C1, and about 9 kcal  per 
mole per bond f o r  B-Br and B-I. Similarly,  the B-0 bond i n  B(OC.95)3 i s  
about 15 kcal  per mole stronger  than  calculated, while the B-0 bond i n  
(E-C~Q)$OH appears t o  be almost 30 kcal  per mole stronger than the 
calculated value. Also, the B-N bonds i n  B(N(CE3)2)3 and B,JT3H3Cl3 
(B-trichloroborazole) me 9 and 1 2  kc& per mole stranger  than  cdculated, 
respectively. It i s  of interest  to  note  the  decreasing  strengthening of 
the bond going down and t o  the left, of F in  the  geriodic  table,  that is, 
going from BF3 t o  B13 and across t o  B(W(CH3)2)3. The rather  large dif- 

ference between the bond strengthening8 i n  B(OC2H5)3 and (;-C4HS)$30H 
possibly indicates a very large double-bond character  for (g-C4%)$iOH 
of  the form ( L C ~ H ~ ) ~ B -  - = OH+. These results me supported by the  es t i -  
mate t h a t  resonance stabil ization i n  borate  esters B(OR)3 should exceed 
17 kcal  per mole based on a rough  thermochemical determination  (ref. 17).  
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Further  support i s  povided by the  estimate (from thermochemical data 
other  than  those  used in .  this pap&) that the single-bond B-F bond. k -  
energy ehould be between 130 and 140 kcal  per mole (ref. 18) , which is 
i n  agreement w i t h  
investigation. 

Experimental 

bond values. 

the 137 

resu l t s  

kc& per mole calculated in the  present 

CONCLUDIHG REMARKS 
Q) 

i n a c a t e  that the  Pauling geometric-mean equa- 
tion does not successfully  predict the actual bond energies  for comgounds s 
formed between boron and f i f th ,   s ixth,  and seventh group elements of the 
form BZg, since  they have some multiple-bond character. The Pauling 
equation i n  i ts  usual form is set up t o  cdculate single-bond  energies. 
On the  other hand, the comparison of the  hypothetical single-bond  ener- 
gies  with  the  actual  energies  provides a method of estimating the amount 
of bond strengthening  resulting from multiple-bond character and reso- 
nance. The bond energies of boron-hydrogen .and bonds involving  boron 
and grou-p-fuur dements (carbon, silicon, germanium, and t i n )  should be 
calculable from the Pauling equation,  since  these elements have no un- 
shared  electron pairs. If stable covalent bonds exist between boron 
and a lka l i  metals, t he i r  bond energies may also be calculable as single- &+ 
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Bond 

B-H 
B -C 

B -m 

B-0 

B-F 
B - S i  
B-P 
B-S 
B-C1 
B-Ge 
B-AB 
B-Se 
B-Br 

B -Sn 
B-So 
B-Te  
B-I 

92 
b89 

95 

104 

137 
64 
64 
83 

98.5 
61 
55 
65 

81.5 

53 
52 
54 
62 

E- (B-Z) , a 
k c a l / m o l e  

93az 
87&3 

1WG 
107f5 
U9&5 
1 3 W  
1543J5 ""_ ""_ ""_ 

108.533 
"-" ""_ 
-"I- 

9Qt2 

""_ ""_ "-" 
7 M  

%xperimental thermochemtcal &e8 recalculated using 
@(B203(s) )  of 305.4 kcal/mole and %ubi (B(6)) of 
141 kcal/mole . 

%ased on D(C-C) of 82 kcal/mole. 
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